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Coherent control of a flux qubit by phase-shifted resonant microwave pulses 
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The quantum state of a flux qubit was successfully pulse-controlled by using a resonant microwave. 
We observed Ramsey fringes by applying a pair of phase-shifted — microwave pulses without intro- 
ducing detuning. With this method, the qubit state can be rotated on an arbitrary axis in the x-y 
plane of the Bloch sphere in a rotating frame. We obtained a qubit signal from a coherent oscillation 
with an angular velocity of up to 27rxll.4G rad/s. In combination with Rabi pulses, this method 
enables us to achieve full control of single qubit operation. It also offers the possibility of orders of 
magnitude increases in the speed of the arbitrary unitary gate operation. 

PACS numbers: 03.67.Lx, 85.25.Dq, 85.25.Cp, 03.65.Yz 



A superconducting circuit containing Josephson junc- 
tions is a promising candidate as a quantum bit (qubit), 
which is an essential building block for future quantum 
computers pj. In the superconducting circuit, the qubit 
is represented by two quantized states which are collec- 
tive states of a "macroscopic" number of Cooper pairs. 
Recently, the NMR-like coherent control of several types 
of these Josephson qubits has been reported 0iI3jSIS13- 
In addition to Rabi, Ramsey, and spin echo type exper- 
iments on a single qubit, conditional gate control with a 
more complex pulse sequence has been demonstrated for 
a two qubit system or in a system consisting of a qubit 
interacting with a harmonic oscillator 0, . Although 
the controllability of these qubits has been rapidly devel- 
oped, the typical coherence time of the Josephson qubit 
remains rather short compared with other qubit candi- 
dates. This has made the effective use of this precious 
coherence time and the realization of a shorter gate op- 
erating time desirable. 

In quantum computation, it is essential to control each 
qubit by performing arbitrary unitary operations at will. 
For one qubit, Rabi oscillation and Ramsey fringes ex- 
periments provide information related to the control of 
the qubit state |*) = cos ||0) + e i0 sin § |1). In the Bloch 
sphere notation, Rabi oscillations give us both informa- 
tion and the ability to control the polar angle 0. The 
Ramsey fringes give us the ability to control the azimuth 
angle <j>. However, the observation of the Ramsey fringes 
of a flux-qubit usually involves a few hundred MHz de- 
tuning from the qubit resonant frequency. In this pa- 
per, we propose a new method for observing Ramsey 
fringes, the phase shift method, which can control the 
phase of microwave (MW) pulses at the resonant fre- 
quency of the qubit. The advantage of this method is 
that it provides nearly two orders of magnitude faster 
azimuth angle <f> control of a qubit than the conventional 
detuning method. 

Figure 1(a) shows schematic drawings of the measure- 
ment circuit; a superconducting qubit (an inside loop 




FIG. 1: (a) Schematic drawings of the measurement circuit. The 
squares with crosses represent Josephson junctions. Microwaves 
(MW) were applied to the qubit from the on-chip strip line, (b) 
Schematic drawings of the phase-shifted double pulse generation. 
The relative phase shift between two pulses was precisely con- 
trolled with two synchronous MW generators UIrf and U2rp, 
each MW-pulse was re-shaped by multiplying with a recutangular 
pulse from a synchronous driven pulse generator, then a pair of 
phase-controlled MW-pulses were delivered to the sample through 
a microwave adder, (c) Timing chart of the resonant ^ MW-pulses 
separated by time t\2 and a readout DC-pulse. 



with three Josephson junctions of critical current I^ uhlt ~ 
0.6/xA for larger junctions) and an under-damped dc- 
SQUID (an outside loop with two small Josephson junc- 
tions of critical current 1^ ~ 0.15/iA for each junc- 
tion) as a detector. The qubit contains three Josephson 
junctions, two of which have the same Josephson cou- 
pling energy Ej — hl^ uhlt /2e. The third has aEj, with 
0.5 < a < 1. The a value can be controlled by designing 
the ratio of the area of the smallest Josephson junction 
to the other two larger junctions in the qubit. We used 
a sample with a ~ 0.7 and the areas of the larger and 
smaller junctions were 0.1x0.3 /j,m 2 and 0.1x0.2 /zm 2 , 
respectively. The loop area ratio of the qubit to the 
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FIG. 2: Schematic diagram of qubit vector motion induced by 
the phase-shifted double ^ on-resonance pulses (u) = luq). It is 
described in the rotating frame of the qubit Larmor frequency ujq. 
(a) The qubit vector in the initial state. The qubit is in the ground 
state |0). (b) The first resonant ^ pulse (ip = 0) tips the qubit 
vector to the equator. The qubit vector remains there, because the 
on-resonance pulse is used, (c) The second resonant ^ pulse, in 
which the phase-shift ip ^ is introduced, tips the qubit vector on 
another axis, which is at an angle ip from the x-axis. 
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FIG. 3: On-resonance Ramsey fringes observed by using the 
phase-shifted double ^ pulse technique. The Larmor frequency is 
oj/27t=11.4 GHz. The width of the ^ pulse, 5 ns, is determined by 
Rabi oscillation. An exponentially damped sinusoidal curve fitted 
with the decay time constant T2 = 0.84 ns is also shown. 



SQUID was about 3:5. The dc-SQUID with two Joseph- 
son junctions was under-damped with no shunt resistor. 
The qubit and the dc-SQUID were coupled magnetically 
via mutual inductance M ~ 7 pH. The aluminum Joseph- 
son junctions were fabricated by using suspended bridges 
and the shadow evaporation techniques lid. B y carefully 
designing the junction parameters |llj, [12|, [13| , the inner 
loop can be made to behave as an effective two-state sys- 
tem [ill Il5| . In fact, the readout result of the qubit 
changes greatly with the qubit design, ranging from the 
purely classical to the quantum regime [la, H3 • 

The sample was cooled to 25 mK with a dilution re- 
frigerator and it underwent a superconducting transition 
at ^1.2 K. In order to reduce external magnetic field 
fluctuations, both the sample holder and the operating 
magnet were mounted inside a three-fold /z-metal can. As 
schematically shown in Fig. 1(a), the qubit is biased with 
a static magnetic flux <I> GX t using an external coil. A mi- 
crowave on-chip strip line was placed at 60 /im from the 
qubit to induce oscillating magnetic fields in the qubit 
loop. The switching voltage of the SQUID was measured 
by the four-probe method. The generation of phase- 
shifted operating pulses is shown schematically in Fig. 
1(b). The relative phase shift between two pulses was 
precisely controlled with two synchronous MW genera- 
tors UIrf and U2bf- In order to trim the pulse shape 
and reduce the noise level, each pulse-modulated MW 
burst will be re-shaped by multiplying it with a rectan- 
gular pulse from a synchronous driven pulse generator, 
then a pair of phase-controlled pulses are delivered to the 
sample through a microwave adder. Figure 1(c) shows 
the timing chart of the operating pulses and the read- 
out pulse. The on-chip MW line provides a microwave 
current burst which induces an oscillating magnetic field 
in the qubit loop. We adjusted the timing of a read- 
out DC-pulse, which is delivered to the detector SQUID 
through the current bias line (/bias) just after the second 
? control pulse. The width and amplitude of the 5 pulse 
are determined by the Rabi oscillation at the resonant 
frequency (loq). The relative phase shift between these 



two pulses was precisely controlled with two synchronous 
microwave generators. The bias current line delivers the 
readout pulses, and the switching event is detected on the 
signal line (V out )- As regards the shape of the bias pulse, 
its peak width of 150 ns, is limited by the rise time of the 
filters installed in the bias current line. The width of the 
trailing plateau of 600 ns, and the trailing height ratio of 
0.7, were selected in order to optimize the discrimination 
of the switching voltage of the dc-SQUID detector [6j. 

The qubit is described by the Hamiltonian Hq = 
^(efa z + Aa x ), where a x>z are the Pauli matrices. We es- 
timated the qubit tunnel splitting ^ ~ 1 GHz from the 
spectroscopy. The two eigenstates of a z are microscop- 
ically distinct states with the qubit supercurrent circu- 
lating in opposite directions, i.e., the clockwise state \R) 
and the counter-clockwise state \L). The dc-SQUID picks 
up a signal that is proportional to a z . To control the 
qubit state we employ a microwave current burst, which 
induces oscillating magnetic fields in the qubit loop. 
That event is described by the perturbation Hamiltonian 
V = $a(f)cr z , where a(t) = acos(ujt + <p) has an ampli- 
tude correlated to the power of the applied microwave 
pulse, u> is the angular frequency and ip represents the 
origin of the phase of the applied microwave pulse. To 
maintain the analogy between the spin i and the flux 
qubit, we write the Hamiltonian in the rotating frame 
approximation, H Iot = ^fo z +e~ 1 ^^ (H + V)e l ^ dz , in 
terms of the energy eigenstates (|0), |1)) and obtain 

rot ~ 2 ^ -ae-* sine? w - w J W 

where ujq — 4y 1 Ej 2 + A 2 is the qubit Larmor frequency 
at the measured flux bias and 9 = arctan — . 

Figure 2 shows schematic diagrams describing how the 
qubit vector is operated during the Ramsey fringe ex- 
periment with the phase shift technique in a rotating 
frame. We assume that the initial state of the qubit is 
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the ground state |0). The first resonant J pulse (p = 0) 
tips the qubit vector towards the equator with the x-axis 
as the rotating axis (H m t oc a x ). The qubit vector re- 
mains there because we introduce no detuning (u> = u>q). 
After a time £12, the second resonant ^ pulse with a 
given phase shift tp ^ tips the qubit vector on another 
axis at an angle <p> from the cc-axis. The resulting qubit 
vector does not reach the south pole (|1)) of the Bloch 
sphere. The detector SQUID switches by picking up the 
^-component of the final qubit vector after the trigger 
readout pulse. Repeating this sequence typically 10,000 
times, with a fixed ii2, we obtain the switching proba- 
bility. Figure 3 shows the damped sinusoidal oscillation 
obtained by changing the pulse interval ii2- The phase 
shift of the second pulse was programmed from the fol- 
lowing relation ; p = ^0^12 mod 2tt. This equation gives 
a 2tt phase change to the resonant microwave pulse dur- 
ing a period of T = 2p . This means that we introduce a 
phase shift with the Lamor frequency. 

When Ramsey fringes are observed in the conventional 
way, a few hundred MHz detuning is typically introduced 
near the qubit Larmor frequency, i.e., ~ 100 MHz detun- 
ing at a Larmor frequency of ~ 5 GHz. With this de- 
tuning method, after the first detuned | pulse, the qubit 
vector rotates along the equator of the Bloch sphere with 
this detuning frequency, ~ 100 MHz [||. If we use this 
method to control the qubit azimuth angle, a time of ~ 10 



ns is required for every 2tt azimuth angle rotation of the 
qubit vector. This operating time cannot be as short as 1 
ns, because a detuning of 1 GHz does not work properly. 
However, with the phase shift technique with the reso- 
nant frequency, as we have shown, it is possible to revolve 
the rotational axis of the qubit vector within the xy-plane 
with the frequency above 11 GHz. Using the following 
relation Z{4>) = X{\)Y{<j>)X{-^), the azimuth angle <j> 
rotation on the z-axis can be decomposed into three suc- 
cessive rotational operations such that ~ rotation on 
the x-axis, <j) rotation on the y-axis, and ? rotation on 
the x-axis. If the qubit is driven strongly enough, each ?- 
pulse width can be as short as 0.1 ns, therefore the total 
composite operation X(^)Y((f>)X(—^) can be completed 
in ~ 1 ns. 

Compared with the conventional detuning method, the 
phase shift technique provides us with the opportunity to 
increase the speed of the qubit unitary gate operation by 
more than an order of magnitude. This method will save 
operating time and we can make best use of the precious 
coherence time. 
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